This review aims at summarizing essential aspects of epidemiology and pathophysiology of hyponatremia in chronic heart failure (CHF), to set the ground for a practical as well as evidence-based approach to treatment. As a guide through the discussion of the available evidence, a clinical case of hyponatremia associated with CHF is presented. For this case, the severe neurological signs at presentation justified an emergency treatment with hypertonic saline plus furosemide, as indicated. Subsequently, as the neurological emergency began to subside, the reversion of the trend toward hyponatremia overcorrection was realized by continuous infusion of hypotonic solutions, and administration of desmopressin, so as to prevent the very feared risk of an osmotic demyelination syndrome. This very disabling complication of the hyponatremia correction is then briefly outlined. Moreover, the possible advantages related to systematic correction of the hyponatremia that occurs in the course of CHF are mentioned. Additionally, the case of tolvaptan, a vasopressin receptor antagonist, is concisely presented in order to underline the different views that have led to different norms in Europe with respect to the USA or Japan as regards the use of this drug as a therapeutic resource against the hyponatremia.
Introduction
Mild to moderate hyponatremia (serum Na + ranging from 120 to 135 mEq/L) in chronic heart failure (CHF) is associated with significantly reduced survival and can also be accompanied by various neurological symptoms, including postural instability, gait disorders, attention deficit and increased risk of falls and large bone fractures. Despite the ability to effectively normalize depressed serum sodium levels demonstrated for tolvaptan, i.e., the first-in-class drug among the vasopressin receptor antagonists, it did not prove to induce any significant increase in survival of CHF patients [1] . Thus, it was approved in European countries exclusively for euvolemic hyponatremia (essentially the syndrome of inappropriate secretion of antidiuretic hormone (SIADH), whether consequent to drugs (thiazide diuretics, selective serotonin reuptake inhibitors (SSRIs)), or arising from cerebral or pulmonary neoplasms or infections). Therefore, chronic mild-moderate hyponatremia in CHF patients, when associated with neurological symptoms, is currently treated in Europe with intravenous (IV) hypertonic saline solution (HSS), combined with IV furosemide.
Epidemiological Aspects of Hyponatremia
Classically hyponatremia is defined as a serum sodium concentration (serum Na + ) < 135 mEq/L [2] : values of serum Na + ranging from 135 to 130 mEq/L identify a condition of mild hyponatremia, values between 129 and 125 mEq/L are indicative of a moderate hyponatremia, while values of serum Na + < 125 mEq/L identify a state of severe hyponatremia [3] . Furthermore, according to the common meaning, hyponatremia is defined as chronic when it has a duration > 48 h, e.g., the one commonly seen in the course of CHF. In general terms, hyponatremia appears to be the most common electrolyte disorder at the time of the first visit, irrespective of the clinical context (territorial, specialized ambulatory or hospital). For example, a study including more than 70,000 individuals, who had accessed the facilities of the emergency room, found that approximately 10% of these subjects had hyponatremia at admission [4] . However, a value of serum Na of 121 mEq/L, namely placed under the threshold, i.e., 125 mEq/L, beyond Does Accidental Overcorrection of Symptomatic Hyponatremia in Chronic Heart Failure Require Specific Therapeutic Adjustments for Preventing Central Pontine Myelinolysis?
which the neurological symptoms caused by hyponatremia are relatively frequent, was seen only in 0.2% of these patients. In some diseases (cancer, heart failure, and cirrhosis of the liver in the stage of ascitic decompensation), hyponatremia is particularly prevalent [5] . For example, a recent study, based on laboratory data from about 4,700 hospitalizations concerning more than 3,000 cancer patients, reported a prevalence of hyponatremia at admission of 46% and highlighted an intrahospital development of hyponatremia equal to 24% [6] . The majority of patients had mild or moderate hyponatremia, while severe hyponatremia accounted only for 1% of cases. Hyponatremia in cancer patients is mainly due to an SIADH. The tumors of the head and neck, breast and lung cancers are the most common malignancies in which a paraneoplastic SIADH coexists; in particular, in patients with small cell lung cancer, an SIADH is present in about 11-15% of cases. In the vast majority of studies conducted in patients with heart failure, the prevalence of hyponatremia ranged from 20% to 25% [7] [8] [9] . Furthermore, even higher prevalence and incidence were observed in patients with clinical relapse of acute heart failure [10] , in which hyponatremia was present at hospital admission in 38% of cases or occurred during hospital stay in 28% of patients.
Prognostic Correlates of Hyponatremia
Hyponatremia has a negative effect on prognosis, irrespective of the clinical context -hospital or outpatients' clinic -in which it occurs. For example, in the NHANES study, subjects with apparently asymptomatic hyponatremia belonging to the general population exhibited a risk of all-cause death, after adjustment for age, sex and major comorbidities, which was approximately 2.4 times that of the normonatremic subjects [11] . This risk extended to subjects with mild hyponatremia in other general population studies [12] . Notably, in a retrospective study comprising over 20,000 patients referred to the emergency room, even hyponatremia associated with diuretic treatment appeared associated with a significantly increased risk of death after adjusting for age, gender and estimated glomerular filtration rate (eGFR) [13] .
Even mild hyponatremia significantly increases the risk of death not only during hospitalization, but also at 1-and 5-year follow-ups [14] . Moreover, in the above-mentioned study, this risk was particularly high in patients with cardiovascular (CV) diseases, advanced malignant neoplasms and in those undergoing orthopedic surgery. By contrast, hyponatremia correction was accompanied by a lower risk of in-hospital death at a follow-up of 30 days [15, 16] , as well as at 1 and 5 years [17] , compared to patients with persistent hyponatremia in the course of hospital stay. Recently it was also shown that the development and progression of hyponatremia during hospital stay in patients hospitalized for acute exacerbation of CHF, but with normal serum Na + at admission, were strongly correlated with an increase in both all-cause death and CV death.
Because most of the studies in the literature are observational, a cause-effect relationship between hyponatremia and mortality is still matter of debate [18] . In fact, a reduced serum Na + may represent both a risk marker, as commonly associated with chronic conditions such as congestive heart failure, liver cirrhosis, malignant neoplasms, etc., as well as a causative factor, that would be implied in the genesis or aggravation of the clinical picture -directly, because of the serious damage caused to the central nervous system (CNS), when hyponatremia acutely occurs, or indirectly, when adverse effects on CNS arise as a consequence of a too rapid pharmacological correction of hyponatremia [19] . Finally, sufficient attention is not paid to mild to moderate chronic hyponatremia. In fact, this disorder is very often underestimated because it is apparently asymptomatic, but in fact the mild hyponatremia is associated with postural instability, attention deficit and increased risk of falls [20] .
Pathophysiology of Hyponatremia in the Course of CHF
In CHF, hyponatremia can typically occur in response to a state of reduced effective arterial blood volume, i.e., a condition of arterial underfilling [21] . Notably, in heart failure, arterial underfilling occurs in despite of a larger total blood volume that ensues from increased circulating volume in the venous system. At the level of the neuroendocrine cells in the supraoptic and paraventricular nuclei of the hypotalamus, the decreased effective arterial blood volume in CHF patients provokes nonosmotic release of arginine-vasopressin (AVP), that is added to the concomitant activation of sympathetic nervous system (SNS) and renin-angiotensin-aldosterone system (RAAS). AVP secretion in response to arterial underfilling is a mechanism that would intend to maintain volume homeostasis. In effect, by responding to changes in plasma tonicity as well as to the decrease in effective arterial circulation irrespective of plasma osmolality, AVP plays a major role in keeping volume homeostasis, through its interaction with receptors on cells in the renal colletting ducts, termed V2 receptors. In addition, AVP exerts its action also through non-osmotic receptors on vascular smooth muscle cells (V1a receptors) in order to keep the vascular tone. Hyponatremia, when it is present, arises from a hemodilution state consequent to the inhibition of free water clearance in the renal collecting ducts, triggered by increased serum AVP levels. In our opinion, the term "hypervolemic hyponatremia" applied to congestive CHF really is a rather misleading interpretation, since in this condition an increased blood volume is contained only in the venous system, thereby causing systemic venous hypertension that leads to chronic interstitial extravasation and related peripheral edema, while the effective arterial blood volume is really decreased owing to low cardiac output and a slowing down in circulation time [21] . In the pathogenesis of hyponatremia, a controversial role is played by diuretic and vasodilator treatments because these drugs can ameliorate cardiac performance and alleviate the symptoms of cardiac overload but they do not improve per se a preexisting condition of arterial underfilling [22] . Indeed, both diuretics and vasodilators have the potential for generating hypotension and relative arterial Hyponatremia Overcorrection in CHF J Clin Med Res. 2017;9(4):266-272 underfilling, thus inducing further AVP release. Particularly, hyponatremia is likely to be mostly propitiated by erroneous and/or overzealous diuretic therapy. Therefore, further impairment in effective arterial blood volume has frequently been blamed on excessive or inappropriate diuretic therapy, resulting in the worsening of renal flow and drop in GFR [23] . Both reduced GFR and stimulation of the thirst mechanism by angiotensin II may elicit the occurrence of hyponatremia. However, the pathogenesis of hyponatremia in edematous patients is still controversial and has not been completely clarified yet. Particularly, some authors argue in favor of a causative role of particular biohumoral patterns (poorly controlled RAAS overactivation, excess of BNP release [24] , and relative adrenal insufficiency [25] ) and disputable therapeutic approaches (intensive IV diuretic therapy, and thiazides [26] ), concerning both the pathogenesis and persistence over time of this electrolyte trouble.
Symptomatic Hyponatremia: General Concepts
The symptoms associated with hyponatremia are the consequence of cerebral edema caused by the passage of water from the hypotonic extracellular fluid inside neuronal cells. Although most cases are asymptomatic, hyponatremia can cause neurologic symptoms that include headache, nausea, vomiting, muscle cramps, gait disturbances, dullness, disorientation, and lethargy. If the plasma sodium concentration is reduced rapidly or substantially, more severe manifestations may arise such as depression of reflexes, seizures, herniation of the brainstem, coma, and respiratory arrest (Fig. 1) .
Case Description
A patient presented to the emergency department with CHF and symptomatic hyponatremia. The serum Na + , measured on admission, was 98 mEq/L. The patient was staggering and was having difficulty with her motor function. She was unable to walk and her speech was difficult to understand.
Clinical history
The patient was a 74-year-old woman, smoker (20 cigarettes per day), suffering from chronic alcoholism, slightly obese (BMI = 31.5), with rheumatic mitral steno-insufficiency treated with biological prosthetic valve 5 years earlier, affected by chronic atrial fibrillation since about 2 years requiring warfarin therapy, with the dose adjusted according to INR measurement executed every 2 weeks, plus digoxin 0.125 mg once daily and enalapril 10 mg per day coupled with bisoprolol 5 mg twice daily. She reported repeated episodes of dyspnea on exertion, for which she received the diagnosis of CHF in NYHA class II. She also assumed fluoxetine 10 mg once daily because of depressive syndrome with phobic traits. Moreover, she was under treatment for new onset hypertension (association of hydrochlorothiazide 25 mg plus amiloride 2.5 mg per day, namely half tablet of Moduretic per day).
Physical exam
Physical exam showed dyspnea on exertion (NYHA class II), PA 180/95 mm Hg, arrhythmic heart sounds from atrial fibrillation with average ventricular response of 100 beats/min, apical holosystolic murmur, jugular venous distention, bilateral pulmonary rales, and bilateral leg edema.
Her echocardiographic left ventricular ejection fraction was 48% and there was no echocardiographic evidence of prosthetic valve malfunction. The laboratory results revealed a substantially decreased serum Na + (98 mEq/L). Contrary to the signs and cardiac symptoms dating back to a lot of time earlier, the recent onset of neurological symptoms such as the postural Figure 1 . Symptoms of hyponatremia depend on the extent of the electrolytic disorder, but also on the rapidity with which it occurs.
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instability and disorders of speech prompted us to explore the possibility of a superimposed neurological degenerative disease or a new onset ischemic CV event with atypical clinical presentation. However, the absence of signs of pyramidal lesions and lack of signs or symptoms attributable to a degenerative disease of the basal ganglia (Parkinson's), together with the non-significant findings inferred from the cerebral computed tomography (CT) scan, induced us to give value to the concomitant finding of a low level of serum sodium (98 mEq/L). Such a severe hyponatremia had never previously emerged on the basis of medical records concerning previous hospitalizations.
Management of hyponatremia
A significant increase in serum sodium was scheduled to be achieved during a presumptive period from 3 to 4 days. It was decided that the upper limit for the speed of correction of hyponatremia should not have exceeded 6 mEq/L per day. Therapy consisted of 100 mL of IV 3% hypertonic saline twice daily plus two small IV infusions of furosemide (40 mg in 100 mL of aqueous vehicle to be administered in 160 min: 15 mg/h) twice daily. This relatively cautious approach was planned according to specific recommendations reported in the literature [3] , aimed to prevent a too rapid correction of the chronic hyponatremia, that has potential for generating the so-called osmotic demyelination syndrome (ODS) or central pontine myelinolysis (CPM) [27, 28] , that is the most important type of demyelination syndrome associated with too rapid correction of a state of hyponatremia. CPM is heterogeneous and depends on the regions of the brain involved. A succinct synopsis of its symptoms is reported in Table 1 .
During the first 48 h of hospitalization, the patient gradually retrieved normal neurological conditions, and restarted to eat and intake liquids, although not regularly; thus, considering also the good clinical result, the infusion of hypertonic saline (NaCl 2 M, i.e., 11.6% NaCl; 10 mL vials; 5 vials in electric syringe, 7.5 mL/h plus furosemide given as slow IV boluses) was continued. The upper limit for the speed of correction of hyponatremia was established not to be superior to 6 mEq/24 h.
Hyponatremia was in this case considered chronic, with possible overlap of an acute episode in a patient at higher risk of osmotic myelinolysis for the presence of chronic alcoholic abuse and advanced age. As apparent from the graph (Fig. 2) , however, the slope of the straight line (dashed green line) that identifies the daily rate of effective correction of serum sodium (points in blue) appears much steeper compared to the slope of the straight line (dashed blue line) that identifies instead the ideal correction speed, as programmed in view of the high risk of myelinolysis postulated for this patient.
Consequently, 48 h after admission, the patient serum sodium concentration became equal to 122 mEq/L (12 mEq/L higher than the expected target). This was attributed to the combination of hypertonic saline infusion and rapid recovery, albeit not maximal, in the capacity of urine dilution (judging by the relatively rapid transition from 700 to 125 mOsm/L), after rapid cancellation of the effect on ADH exerted by the SSRI drug (fluoxetine) and owing to the interruption of thiazide assumption. Moreover, a partial recovery of effective circulating blood volume cannot be excluded, due to increased spontaneous introduction of liquids and foods by the patient. For this reason, it was decided to reduce the speed of correction of serum sodium using hypotonic fluids (NaCl 0.45% solution) and desmopressin, the latter being given at doses of 2 μg per every subcutaneous injection (asterisks in red). This entailed the realignment of serum sodium on the straight line which expresses a speed of more appropriate correction for the patient. In relation to the recovery of urinary dilution capacity following the volume expansion and the suspension of pharmacological interference by SSRIs and thiazide, the previous clinical picture of SIADH was regarded as a transient phenomenon, and a treatment with tolvaptan was not indicated accordingly. After 10 days in hospital, the patient was discharged after retrieving of her normal serum sodium level.
These changes in electrolyte profile were achieved without adverse repercussions on systemic hemodynamics. In fact, the IV furosemide at small doses was discontinued simultaneously with the suspension of infusions of hypertonic saline. The clinical picture remained similar to that prior to admission, i.e., patient in NYHA class II with dyspnea on effort, namely dyspnea was evoked by the usual efforts of the relation life. However, there was a partial regression of the bilateral leg edema and a slight weight loss (-2 kg in comparison with The patient may experience locked-in syndrome where cognitive function is intact, but all muscles are paralyzed with the exception of eye blinking. This severe clinical picture ensues from a rapid myelinolysis of the corticobulbar and corticospinal tracts in the brainstem.
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Discussion
Hyponatremia (serum Na + < 135 mEq/L) is an electrolyte disorder that often testifies the existence of a chronic medical condition, e.g., cancer in advanced stage in the case of euvolemic hyponatremia due to ectopic or inappropriate secretion of antidiuretic hormone (as per SIADH syndromes), or even liver cirrhosis or CHF in the case of the so-called hypervolemic hyponatremia, namely, that is accompanied by clinical signs and symptoms of hydrosaline congestion. Hypervolemic hyponatremia, that is associated with manifestations of hydrosaline retention, is regarded by the majority of scholars as an epiphenomenon and marker, rather than as a causative factor of the disease (CHF or cirrhosis of the liver). However, one can assume for hypervolemic hyponatremia a role as an aggravating factor of the disease, because the neurological symptoms of this electrolyte disorder, although sometimes clinically inconspicuous, may contribute to worsen the patient's state of discomfort and disability. In particular, cognitive disorders and motor coordination deficiencies, associated with even initial stages of hyponatremia, can be disabling, as frequently described for the decline in mental concentration and reduction in level of attention, and also for postural instability and gait disturbances, that are major causes of clinical troubles in these patients.
In the case of hyponatremia that occurs in the course of heart failure, non-osmotic stimulation of the supraoptic and paraventricular nuclei of the hypothalamus, which accurately sense any reduction in arterial effective circulating volume, is regarded as the primum movens able to elicit an increase in the secretion of ADH from the posterior pituitary gland. The latter then acting at the level of the distal nephron inhibits the clearance of the free water thereby promoting a state of hemodilutional hyponatremia within a clinical picture with widespread edema from systemic venous hypertension in the case of congestive CHF or characterized by ascites from portal venous hypertension in the case of liver cirrhosis.
In the genesis of hypervolemic hyponatremia, i.e., the one that typically occurs during CHF or liver cirrhosis, a frequent overlap of iatrogenic causes has been demonstrated, primarily consisting of overzealous or excessive use of drastic diuretic therapies, capable of worsening the state of reduced arterial effective circulating volume so as to elicit further secretion of ADH. The generation of a state of relative intravascular volume depletion may be prevented using albumin [29] or hypertonic saline solution [30] , capable of preserving an adequate vascular refilling rate, subsequently to the depletion of the circulating volume arising from the adoption of high doses of IV loop diuretics.
In the daily medical practice, hyponatremia whose grade is rated mild (134 -130 mEq/L) or moderate (129 -125 mEq/L) is not corrected because the patient is usually free from neurological complaints. Instead, in the case of serum sodium less than 125 -120 mEq/L, in the CHF or liver cirrhosis scenarios, the current recommended approach in Europe provides for a limitation of dietary water intake -a measure poorly tolerated by the vast majority of patients -or alternatively, requires use of 3% hypertonic saline, given intravenously, the latter mandatorily complemented by the administration of IV furosemide as a slow infusion or by means of repeated IV boluses.
In other countries (Japan and USA), the incidence of iatrogenic hyponatremia caused by incorrect administration of high doses of loop diuretics is now minimized by the combined use of tolvaptan, an ADH receptor antagonist. This association allows to obtain an aqueous diuresis with low sodium excre- tion, due to specific inhibition of free water reabsorption, that tolvaptan typically achieves by acting on the distal part of the nephron, i.e., the seat of the ADH action. Therefore, it is possible to effectively counter the hemodynamic congestion without paying the price of an excessive loss of sodium through the urine. However, the use of aquaretic drugs like tolvaptan for correction of non-symptomatic hyponatremia in CHF has been not approved by the European Regulatory Authority for Medicines. Indeed in Europe the use of tolvaptan is allowed only for cases of severe and symptomatic hyponatremia, which typically are found associated with paraneoplastic SIADH or even in SIADH of patients treated by psychotropic medications, in particular, SSRI; indeed the hyponatremia of heart failure and cirrhosis seldom attains levels below 125 -120 mEq/L.
Conclusions
Considering that even mild or moderate grades of hyponatremia can cause symptoms (dullness, reduced level of attention, postural instability with increased risk of falls, etc.) hyponatremia occurring in the course of CHF or liver cirrhosis should be treated with appropriate measures (hypertonic saline plus loop diuretic, or tolvaptan). However, there are established medical cultural prejudices that hinder the interventional approach and instead favor the maintenance over time and progressive deterioration of this electrolytic disorder. In the present case report, it is then evident that chronic hyponatremia required a well-tailored and cautious correction because an approach that instead adopts a relatively high speed of sodium correction could be burdened by the risk of osmotic demyelination syndrome. Even for the availability of new drugs active especially in chronic hyponatremia (tolvaptan, conivaptan and other ADH receptor antagonists), the current trend is shifting toward a less conservative approach and a more liberal use of aquaretic drugs, particularly of tolvaptan. However, some concerns still remain to be solved, related to the high cost of these drugs as well as to the feared risk of side effects (in particular, liver toxicity reported for the prolonged use of tolvaptan).
